Nernst effect and the thermoelectric power in strongly coupled electron-phonon 

systems 
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An understanding of high temperature superconductivity clearly requires the nature of its normal 
state, however the normal state of the cuprates is poorly understood. One possible explanation 
is the bipolaronic model where mobile, heavily phonon-dressed holes (polarons) are paired in real 
space. The ground state is made up of intersite singlet bipolarons where excitations can be made 
to triplet bipolaron and polaron bands. Based on this model I derive the Nernst coefficient and 
the Thermoelectric power for the cuprates. The Nernst coefficient shows an interesting interference 
term due to the triplet and singlet bipolaron and polaron current flow. The interference remains 
even when the scattering rate is independent of energy. 



I. INTRODUCTION 



II. ELECTRICAL TRANSPORT 



I 

o 



> 

o 
m 
o 
m 
o 



o 
o 



X 



To account for the high values of Tc in the cuprates, it 
is necessary to have electron-phonon interactions larger 
than those found in the intermediate coupling theory of 
superconductivity-. Regardless of the adiabatic ratio, 
the Migdal-Eliashberg theory of superconductivity and 
Fermi-liquids has been shown to breakdown at A = 1— us- 
ing the (1/A) expansion technique"^. The many-electron 
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system collapses into the small polaron regime 
A > 1 with well separated vibration and charge-carrier 
degrees of freedom. Moreover the electron-phonon in- 
teraction is sufficiently large to bind small polarons into 
small bipolarons. At first sight these carriers have a mass 
too large to be mobile, however it has been shown that 
the inclusion of the on-site coulomb repulsion leads to the 
favoured binding of intersite oxygen holes^'''. The inter- 
site bipolarons can then tunnel with an effective mass of 
only 10 electron masseaSi2i2ii£. In the cuprates bipolarons 
are real-space pairsrii due to the small fermi energy, where 
the condition for real-space pairing is 



ep < ttA. 
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Here A is the binding energy of a bipolaron. Mott and 
Alexandrov proposed a simple model^^i of the cuprates 
based on bipolarons. In this model all the holes (po- 
larons) are bound into small intersite singlet and triplet 
bipolarons at any temperature. Above Tc this is a non- 
degenerate charged bose gas and below Tc we have a 
Bose-Einstein condensate. The triplet and singlet states 
are separated by an exchange energy J which explains the 
spin gap observed in many NMR and neutron scattering 
experimentsi^ii^. Also the bipolaron binding energy has 
been suggested to be twice the so-called pseudogapi. 

Transport measurements are vital in understanding the 
nature of the carriers and so here I present two kinetic 
coefficients which help describe the characteristics of a 
bipolaronic gas. 



The standard Boltzmann equation for kinetics was ap- 
plied to well decoupled, renormalised carriers!^. In the 
presence of the electric field E, temperature gradient VT 
and magnetic field B|| z ± E and VT, the electrical cur- 
rent for each carrier is given by 
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where a = s,p,t, and q is the carrier charge. We find the 
X direction component as 



= a^,V,(/z-2e0)+a^^V,(/i-2e0) 

+ b'^,V,T + b^yVyT 

and also the y direction component 
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Here ^ is the chemical potential, J is the exchange 
energy which separates the triplet state from the sin- 
glet state, and A is the bipolaron binding energy per 
pair which is assumed to be of s-symmetry. The latter 
assumption of s-wave bulk pairing symmetry of a single- 
particle gap has been shown to be a valid oneiSiiLi^. Also 
we have set h = 1 and also from now on set = c = 1. 
V = dE/dh, T is the relaxation time and we assume 
that it depends on the kinetic energy, E — /2m. 
g = Qs = ^e/nis for singlet bipolarons with the energy 
E = fc^/(2r7is). For triplet bipolarons, g = gt ^ 2e/mt 
and the energy E = k'^/{2mt). Similarly for thermally 



excited polarons E — k /{2mp) and g 
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Here ms^t,p are the singlet and triplet bipolaron and po- 
laron masses of two-dimensional carriers. 

The number densities, Ua of the three carriers can be 
evaluated as 
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Both the kinetic coefficients considered in this paper 
are caused by an applied thermal gradient rather than an 
applied potential gradient. Also they both occur in the 
absence of an electrical current hence j = jp -I- js + jt = 0. 
Using eqns. (3) and (4), we find. 
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where bxx = + Kx + Kx^ o.yx = aPy^ + a^^ -f a\^, etc. 

These two equations can used to ehminate the poten- 
tial gradient terms from other kinetic equations involv- 
ing only the temperature gradient as the non-equilibrium 
source. 



III. NERNST COEFFICIENT - STRONG AND 
WEAK FIELD 

The Nernst effect, Q is similar to the Hall effect except 
here the induced Hall field is created by a thermal gradi- 
ent. There is no applied potential gradient and the car- 
riers are affected by a thermal gradient only (|| xy). The 
charged carriers are then deflected perpendicular to the 
charge flow by an applied magnetic field (|| z) setting up 
the Nernst electric field, Ey = —QBVxT. Using eqn(ll) 
we obtain the isothermal Nernst coefficient {^yT = 0) 
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If the magnetic field is weak, gaTaB << 1, we can ignore 
all terms in B^ and higher order. The previous definition 
of (r^) becomes 
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and 151,2 = (1 + 4Asi,2 + 4Ati,2)~^ 

Here the F terms are representative of a type of scatter- 
ing mechanism(s), which can be a combination of types. 
In the non-degenerate system (above Tc) it is given by 



F = (r + 2) 



(19) 



where r is related to the energy dependence of the scat- 
tering time 



(20) 
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If the magnetic field is strong, 5qTq_B >> 1, we can 
gather all terms in and ignore the lower order terms. 
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and now the definition of (r^) becomes 
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In overdoped and optimally doped cuprates the ex- 
change energy between the triplet and singlet states, 
J 0. Therefore we may consider a degenerate sin- 
glet/triplet bipolaron system in this regime where we now 
have 
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where now D12 = (1 + 4Abi^2)^^ and the bipolaron 
number density becomes 



rib 



2mf,T 



In 



1 - cxp ( - 



(25) 



It is interesting to note that if Ta{E) = Ta for all 
the carriers, the Nernst coefficient remains finite for 
both a degenerate and non-degenerate singlet / triplet sys- 
tem. When the scattering rate is independent of energy, 
E = r. Hence for a single carrier system the Nernst co- 
efficient is zero and so the presence of different carriers 
leads to interference terms. Also the Nernst coefficient 
in a strong magnetic field yields the expected de- 
pendence. 



IV. THERMOELECTRIC POWER 

When an electric field is induced parallel to the applied 
thermal gradient in the absence of an electrical current 
(with no applied potential gradient or magnetic field), we 
can define the Thermoelectric power, a by 



Ex = aVxT 



(26) 



We can use either eqn(lO) or (11) omitting the off di- 
agonal terms giving 
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Again for a degenerate triplet/singlet system we have 

(rp-KA-/i)/2) + 2Ai(rfc-/i) 

When comparing these formulae to experiment one 
needn't take into account the phonon drag effect. The 
effect would usually occur because the temperature gra- 
dient also causes phonons to flow from the hot end to 
the cold end of the sample. This causes the carriers to 
be "dragged" along by the phonons. However there is 
no polaron-phonon interaction since it has been removed 
by the Lang-Firsov canonical transformation^. The 
dominant scattering mechanism should be the polaron- 
polaron scattering. 



V. CONCLUSIONS 

Both the Nernst coefficient and Thermoelectric power 
have been derived for a strongly coupled electron-phonon 
system with the cuprates in mind. A triplet and singlet 
bipolaron and polaron system have been considered as 
well as a system in which the singlet / triplet are degener- 
ate. Interestingly the Nernst coefficient shows an interef- 
erence term even with an energy independent scattering 
rate in both cases. A direct comparison with the cuprates 
awaits reliable experimental data. 
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